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1  | INTRODUCTION
Obtaining	detailed	diet	 information	 for	many	animal	 species	 is	diffi-
cult	due	to	both	the	arduous	effort	required	to	directly	observe	and	
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become	 indiscernible	 and,	 are	 thus	underestimated	using	 these	 tra-
ditional	 techniques	 (Ballari	 &	 García,	 2014;	 Schley	 &	 Roper,	 2003;	
Valentini,	Pompanon,	&	Taberlet,	2009).	Woody	plants,	on	the	other	







is	 often	 still	 present	 (Schley	 &	 Roper,	 2003;	 Valentini	 et	al.,	 2009).	
High-	throughput	sequencing	(HTS)	allows	for	the	parallel	sequencing	
of	target	amplicons	across	many	samples	and	makes	the	comparative	









obtain	deeper	 insight	 into	 the	diet	of	 several	 species	of	megafauna,	
such	as	the	American	bison	(Bison bison)	(Bergmann,	Craine,	Robeson,	























ulations	 of	 wild	 pigs	 are	 ecologically	 destructive	 (Barrios-	Garcia	 &	
Ballari,	 2012;	Bevins	 et	al.,	 2014)	 and	 are	 responsible	 for	 spreading	
invasive	 plants	 (Bankovich,	 Boughton,	 Boughton,	 Avery,	 &	 Wisely,	
2016;	 Boughton	&	Boughton,	 2014)	 and	 pathogens	 (Cooper,	 Scott,	
de	 la	Garza,	Deck,	 &	Cathey,	 2010;	 Ruiz-	Fons,	 2015).	These	 issues	
have	contributed	to	the	estimated	$1.5	billion	in	damages	and	control	



































be	 constructed,	 to	 amplify	 short	 fragments	 of	DNA	 that	 can	be	 re-
covered	 from	feces	or	gut	contents	of	many	animals	 (Deagle,	2006;	














(Deagle,	 Eveson,	&	Jarman,	 2006;	Nejstgaard	 et	al.,	 2008;	Vestheim	
&	Jarman,	2008),	which	can	bias	or	 restrict	 the	molecular	detection	
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of	food	items	(Green	&	Minz,	2005;	Polz	&	Cavanaugh,	1998).	Given	
these	challenges,	we	also	investigated	the	utility	of	blocking	primers	
to	 limit	 the	 co-	amplification	 and	 sequencing	 of	 the	 host	CO1	DNA	
(Vestheim	&	Jarman,	2008).	The	current	study	included	wild	pig	fecal	
samples	 from	 three	 states	within	 the	 United	 States:	 Florida,	 Texas,	
and	California.	These	 areas	 are	 known	 to	 support	 high	 densities	 of	
wild	pigs	(McClure	et	al.,	2015;	Snow,	Jarzyna,	&	VerCauteren,	2017),	
	encompass	different	plant	and	animal	communities	colonized	by	wild	
pigs,	 and	were	 selected	 to	 represent	 a	 broad	 sample	 of	 the	 diver-
sity	of	diet	 items	 	potentially	consumed	by	wild	pigs.	Demonstration	
of	 the	differences	 in	diet	 composition	 among	 the	 three	 study	 areas	
would	provide		validation	that	an	HTS	metabarcoding	approach,	at	a	
minimum,	 can	 	resolve	 course	 scale	 differences	 in	 diet	 composition	
	expected	between	disparate	ecosystems.
2  | MATERIALS AND METHODS
2.1 | Sample collection
We	collected	fecal	material	as	either	fresh	scat	collected	from	tran-














2.2 | Metazoan diet analyses (CO1)
Previously	 published	 PCR	 primers	 used	 for	 the	 amplification	 of	
the	 mitochondrial-	encoded	 cytochrome	 oxidase	 subunit	 I	 (COI)	
were	 downloaded	 for	 evaluation	 from	 the	 Bold	 Systems	 Database	
(Ratnasingham	 &	 Hebert,	 2007).	 In-	silico	 performance	 was	 evalu-
ated	using	CLC	Genomic	Workbench	Primer	 Identification	tool.	The	
primers	 were	 matched	 against	 the	 CO1	 reference	 database	 (July	
2014)	from	Bold	Systems	focusing	on	a	list	of	species	of	interest	in-
habiting	the	 immediate	area	of	sample	collection	 (Table	S1).	Due	to	
the	 degraded	 nature	 of	 fecal-	derived	 sequences,	 short	 CO1	 ampli-
cons	were	preferred	 (Deagle	 et	al.,	 2006)	 (Symondson,	2002)	 (Zaidi	
et	al.,	 1999).	 This	 process	 resulted	 in	 several	 potential	 CO1	 primer	
pairs,	which	were	subsequently	tested	experimentally	 in	the	 labora-
tory.	 The	 following	 primer	 pair	 MICOlintF	 (5′-	GGWACWGGWTG
AACWGTWTAYCCYCC-	3′)	 (Leray	 et	al.,	 2013)	 and	 PolyShortCoiR	








program	used	 an	 initial	 step	 at	 95°C	 for	 3	min,	 a	 final	 extension	 at	
72°C	for	5	min,	and	the	following	steps	cycled	35	times:	30	s	at	95°C,	
30	s	at	55°C,	and	30	s	at	72°C.
Amplicon	 DNA	 yields	 from	 each	 PCR	 were	 then	 quantified	





enomic	 sequencing	 library	 preparation	 protocol.	 Sequencing	 was	
performed	on	 an	 Illumina	MiSeq	 at	 the	University	of	Texas	Medical	
Branch	Bioinformatics	 and	Genomics	Laboratory.	Single	501	bp	 for-
ward	 reads	were	 generated	 for	 the	 sequencing	 run.	 Each	 individual	
pig	was	 sequenced	 twice,	 once	with	COI	 blocking	 primer	 and	 once	
without.
2.3 | Pig COI blocking primer
The	 initial	 sequencing	 analysis	 of	 S. scrofa	 fecal	 samples	 using	 the	
universal	amplification	primers	resulted	in	high	relative	abundance	of	
host	CO1	 amplicons	 and	 only	 a	 limited	 number	 of	 sequences	 from	
diet	items.	To	decrease	the	relative	abundance	of	the	host	sequences,	
a	blocking	primer	was	developed	to	limit	the	amplification	of	S. scrofa 
CO1	 sequences.	Due	 to	 the	 lack	of	 specificity	of	 the	S. scrofa	CO1	
near	 the	 amplification	 site,	 dual	 priming	 oligomers	 (DPO)	were	 de-
veloped	using	the	approach	of	Vestheim	and	Jarman	(2008)	to	block	
host	 sequence	 amplification	while	minimizing	 blocking	 interference	













ies_fastq.py	 script	with	 quality	 filtering	 disabled	 by	 setting	 the	
following	parameters:	q 0, max_bad_run_length 250,	and	min_
per_read_length_fraction 0.001.	 Cutadapt	 (Martin,	 2011)	
was	used	to	trim	the	primers	from	the	reads	 in	paired-	end	mode.	 If	
the	primers	were	not	detected	(up	to	10%	mismatch	allowed)	within	
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the	 reads,	 then	 that	 read/read-	pair	 was	 discarded.	 For	 paired-	end	
data,	 reads	were	merged	via	 the	fastq_mergepairs	command	 in	
USEARCH	(Edgar,	2010).	Sequence	denoising,	quality	filtering	(maxee 
setting	 of	 0.5),	 PHiX	 and	 chimera	 removal,	 and	 OTU	 (Operational	
Taxonomic	Unit)	 clustering	were	 implemented	 via	 the	UNOISE	 (v2)	
pipeline	(Edgar,	2016b).	Taxonomy	was	assigned	via	the	SINTAX	ap-
proach	 (described	 below)	 implemented	 in	 USEARCH	 (Edgar,	 2010,	
2016a).	As	 the	primers	and	blocking	primer	were	optimized	 for	 the	
detection	 metazoan	 taxa,	 any	 OTUs	 that	 were	 not	 classified	 to	 a	
metazoan	family	and	contained	less	than	eight	reads	were	discarded	
prior	 to	 all	 downstream	 analyses.	 General	 analyses	 and	 genera-
tion	of	 figures	were	performed	 in	R	 (R	Core	Team,	2017)	using	 the	
	following	packages:	 vegan	 (Dixon,	2009),	 ggplot2	 (Wickham,	2009),	
reshape	(Wickham,	2007),	phyloseq	(McMurdie	&	Holmes,	2013),	and	






2.5 | Plant diet analyses (trnL)
Genomic	 DNA	 from	 fecal	 swabs	 was	 extracted	 using	 the	 MoBio	
PowerSoil-	htp	 96-	well	 Isolation	 Kit	 (Carlsbad,	 CA).	 A	 por-
tion	 of	 the	 chloroplast	 trnL	 intron	 was	 PCR	 amplified	 using	 the	 
g	 (5′-	GGGCAATCCTGAGCCAA-	3′)	 and	 h	 (5′-	CCATTGAGTCTCTGC 
ACCTATC-	3′)	 primers	 for	 the	 trnL	 gene	 (Taberlet	 et	al.,	 2007),	 but	









PicoGreen	 fluorometry	 (Thermo	 Fisher	 Scientific	 Inc.).	 All	 PCRs	
were	 normalized	 to	 equimolar	 concentrations	 and	 pooled	 together	
before	 purification	 using	 the	MoBio	UltraClean	 PCR	Clean-	Up	 pro-
tocol.	 Sequencing	 was	 performed	 on	 a	 single	 Illumina	 MiSeq	 lane	
with	 2	×	150	 cycles	 at	 the	University	 of	 Colorado	Next-	Generation	
Sequencing	Facility.	We	sequenced	 single	 sample	per	 individual	pig.	
Sequence	processing	was	performed	as	described	above.
2.6 | Reference databases
FASTA	 records	 containing	 only	 the	 trnL	 amplicon	 region	 from	
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3.2 | Metazoan diet (CO1)





















in	 the	diets	 of	wild	 pigs	 from	Texas,	 elk	 (likely	Rocky	Mountain	 elk;	





between	 samples	with	 and	without	 the	 use	 of	 the	 blocking	 primer	
(Figures	5	and	6).
3.3 | Plant diet (trnL)
A	 total	 of	 802,155	 merged	 paired-	end	 reads,	 averaging	 52	bp	 in	


































































Bray−Curtis NMDS of animal diet.









by	 Cupressaceae	 (cypress,	 juniper,	 redwood),	 Onagraceae	 (willow	
herb/evening	 primrose	 family),	 and	 Polygonaceae	 (knotweed/smart-






by	 Asteraceae	 (asters,	 daisies,	 sunflowers),	 Poaceae,	 Cannabaceae	
(Cannabis,	 hops,	 hackberries),	 Euphorbiaceae	 (spurge	 family),	 and	
Rosaceae	(many	from	the	genus	Prunus	(edible	fruits),	roses).
4  | DISCUSSION
Our	 results	 corroborate	 the	 benefits	 of	 DNA	 metabarcoding	 in	





genes	 for	 diet	 analysis.	 When	 a	 marker	 gene	 of	 interest	 is	 co-	
amplified	from	the	host	target	species,	two	problems	arise:	(1)	the	
dominance	of	host	DNA	template	within	a	sample	can	saturate	the	
system	 restricting	molecular	 detection	 of	 diet	 items	 and	 biasing	
the	 results,	 and	 (2)	DNA	 from	diet	 items	are	often	 far	more	de-
graded	than	that	of	the	host,	making	the	detection	of	such	items	
increasingly	 difficult	 to	 detect	 (Deagle	 et	al.,	 2006;	 Nejstgaard	
et	al.,	2008;	Vestheim	&	Jarman,	2008).	We	found	that	our	initial	
sequencing	attempts	primarily	returned	wild	pig	sequences,	which	
provided	 shallow	 sequencing	 depth	 for	 the	 characterization	 of	
diet	items	(Figures	1	and	2).	This	would	undoubtedly	create	chal-
lenges	for	the	detection	of	rare	diet	items.	Based	on	this	outcome,	

























































































































































ing	primer	treatment	 (Figures	5	and	6).	 It	 is	unclear	whether	the	ap-
parent	bias	affects	our	assessment	of	animal	diet	composition,	as	the	
comparison	of	 blocking	 and	nonblocking	 treatments	 is	 conflated	by	
the	significantly	lower	sampling	depth	of	diet	items	in	the	nonblock-
ing	 treatment	 (Figure	1).	 Additionally,	 the	 differential	 abundance	 of	


















(p-	value	<	.01).	Although	we	 also	 detected	 significant	 differences	 in	
animal	diet	composition	between	these	regions	(p-	value	<	.05),	there	
was	greater	variability	 and	 thus	overlap	of	 animal	 diet	 between	 the	
sampling	locations	compared	to	that	of	plants	(Figures	4	and	7).	This	
pattern	 likely	 reflects	 the	opportunistic	 feeding	 behavior	 of	 individ-
ual	wild	pigs	on	animals,	carrion,	feces,	and	nests	(Ditchkoff	&	Mayer,	
2009).	Some	of	 this	variation	may	have	resulted	from	differences	 in	




acorns,	 beechnuts,	 chestnuts,	 pine	 seeds,	 cereal	 grains,	 and	 fruits.	
(Ditchkoff	&	Mayer,	2009;	Schley	&	Roper,	2003).	This	pattern	was	
most	 clearly	 observed	within	 the	 California	wild	 pigs,	 where	 oaks	
(Fagaceae)	 comprised	 upward	 of	 40%	 of	 the	 plant	 diet	 (Figure	8).	
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leaves	 or	 roots)	while	 foraging	 for	 other	 prey	 items,	 or	 consumed	
squirrel	 acorn	 caches	 (Ditchkoff	&	Mayer,	 2009).	 Furthermore,	 the	
high	 preponderance	 of	 Tenebrionidae	 taxa	 observed	 within	 the	
California	 samples	 is	 not	 surprising	 as	 they	 are	 often	 found	 in	 as-
sociation	with	 oaks	 (Steiner,	 2014).	As	 the	California	 scat	 samples	
were	collected	noninvasively	from	the	landscape,	 it	 is	possible	that	





more	 specifically	 to	 Dipodomys panamintinus	 (Panamint	 kangaroo	
rat)	and	secondarily	confirmed	via	BLASTn	(99%–100%	identity).	The	
next	closest	BLASTn	hit	was	to	D. heermanni	at	95%.	D. panamintinus 
has	been	observed	at	the	sampling	location	(M.	White,	personal	ob-
servation);	however,	 the	amount	of	existing	sequence	data	 for	 the	
Dipodomys	 genus	 is	 limited.	 This	 intriguing	 result	 requires	 further	
investigation.	 Another	 small	 rodent,	 Peromyscus eremicus	 (cactus	















Northern	 bobwhite	 quail	 (Colinus virginianus)	 is	 a	 popular	 game	








ment	 and	 concomitant	 hunting	 opportunities,	 and	 decreasing	 pop-
ulations	of	quail	have	been	observed	elsewhere	where	wild	pigs	are	
present	(Brennan	&	Kuvlesky,	2005;	Rollins	&	Carroll,	2001a,	2001b).	











ing,	 or	 consumption	of	 fecal	matter	 cannot	 be	differentiated	with	
the	molecular	approach	outlined	here.	Only	direct	field	observation	
can	be	used	to	confirm	which	occurred.	When	food	supplementa-
tion	 is	 used	 to	 attract	 deer,	 invasive	wild	 pigs	 often	 compete	 for	
these	 resources	 and	 destroy	 feeding	 dispensers,	 displacing	 deer	





observations	 were	 subsequently	 corroborated,	 in	 part,	 by	 Yarrow	






of	 the	hunting	 community	 that	view	wild	 pigs	 as	 a	valuable	 game	
species	(Bevins	et	al.,	2014).
The	 degree	 by	 which	 pant	 monocultures	 can	 be	 established	
through	 the	 foraging	and	 rooting	behaviors	of	wild	pigs	may	be	de-























Bray−Curtis NMDS of plant diet.
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unpalatable	plants	devalues	range	land	by	decreasing	forge,	resulting	
in	 reduced	 herd	 sizes,	which	 can	 have	 a	 negative	 economic	 impact	
for	 ranchers	 (Bankovich	et	al.,	2016).	Here,	we	 report	 the	detection	
of	Carolina	 redroot	 (L. caroliniana)	 and	plants	 from	within	 the	genus	
Spermacoce	 (comprising	 several	 species	 of	 False	 Buttonweed)	 from	
several	 Florida	 individuals.	 Additionally,	 we	 also	 detected	 coinwort	


















We	 have	 shown	 that	 not	 only	 is	 the	 dietary	monitoring	 of	wild	
pigs	possible	using	HTS	tools,	but	can	significantly	supplement	direct	
observational	 assessment	 of	 property,	 crop,	 and	 rangeland	 damage	
by	wild	pigs.	The	HTS	approach	as	outlined	here	and	elsewhere	(Ait	
Baamrane	et	al.,	2012;	Bergmann	et	al.,	2015;	De	Barba	et	al.,	2014;	
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5  | CONCLUSION
Wild	pigs	consume	a	wide	variety	of	plant,	and	animal	resources	pre-
sent	 within	 their	 invaded	 range,	 including	 species	 of	 conservation	
concern	and	game	species.	 Spatio-	temporal	 sampling	of	 feral	 swine	
populations	should	be	a	major	component	of	future	studies,	as	radical	
shifts	 in	diet	 (e.g.,	 large	acorn	mast	events	or	depredation	of	nests)	
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